Abstract. The spectral opacity of cool dwarf stars, brown dwarfs and extra solar planets peaks at infrared (IR) wavelengths and is dominated by neutral atoms and molecules. However, the laboratory database for atomic oscillator strengths is not complete and lacks experimental data, which is a source of uncertainty for atmospheric models of sub-solar objects. The aim of our new laboratory studies is to determine accurate absolute oscillator strengths and apply them to the study of sub-solar mass objects. Our technique uses high-resolution Fourier transform spectroscopy to measure accurate branching fractions for atomic transitions, which are combined with measured radiative level lifetimes to yield oscillator strengths. We discuss the status of the IR laboratory atomic database and our measurements for neutral species in the visible and IR.
Introduction
The analysis of astronomical spectra to reveal information on physical processes in stellar and sub-stellar mass objects (SSOs) is dependent upon a detailed and precise knowledge of each molecule, atom, and ion present. Infrared (IR) spectroscopy is of particular interest to the study of dust-obscured objects such as young stars, the centre of galaxies, the composition of evolved stars and the interstellar medium, objects at high red shifts, and cool objects of substellar mass such as brown dwarfs and extra-solar planets. Over the past five years several new ground-based and satellite telescopes with medium to high-resolution IR spectrographs have become available. These include international observing platforms such as the Spitzer Space Telescope, the James Webb Space Telescope near-infrared spectrograph (NIRSpec), the Very Large Telescope (VLT : ESO, Chile) and United Kingdom Infra-Red Telescope (UKIRT : ESO and UK, Hawaii). One example of the spectral range and resolving power of these new instruments is the VLT cryogenic high-resolution infrared echelle spectrograph (CRIRES ) which can observe spectra from approximately 1 to 5.4 µm at a resolving power of R λ/∆λ = 100 000.
We have directed our laboratory measurements to the study of oscillator strengths for atomic transitions that are observed in the IR spectra of SSOs. The opacity in SSOs peaks in the IR and is characterised by molecular bands, with atomic spectra lines observed in the molecular-free windows. For SSOs it is possible to determine the atmosphere parameters effective temperature (T ef f ), metallicity, and surface gravity by comparing observed spectra with modelled spectra. However, molecular spectra are exceedingly difficult to model to the accuracy required to determine SSO spectral classification. Instead, one can use atomic transitions observed in the molecular-free windows. These transitions are comparatively unblended and lie at the peak energy distribution of cool SSOs (T ef f < 2000K). In addition, the IR atomic lines are easier to observe than lines of the same atoms in the visible where cool SSOs have less flux. The atomic opacity of cool SSOs is dominated by neutral species from d-group and s-group elements. Lyubchik et al. [1] list 198 transitions from 15 neutral species where the central intensities are calculated, using their ultracool dwarf model, to be deeper than 0.8 of the residual flux (on a scale where the normalized continuum lies at 1.0). However, only 23 transitions listed by Lyubchik et al. have published measured oscillator strengths. In addition, the laboratory atomic database lacks oscillator strengths for the majority of transitions from the neutral species for λ > 1 µm. In particular, previously published measurements have not included low-lying energy levels with weak transitions in the visible region. The lack of data is of particular concern to the study of SSOs because only the low-lying atomic energy levels are populated in the cool SSOs. In addition, the lack of accurate IR laboratory data is a limiting factor in the interpretation of other IR observations, including studies of the galactic bulge and interstellar media. Indeed, there have been many calls for more laboratory measurements (Lyubchik et al. [1] , Bigot & Thévenin [2] , Wahlgren & Johansson [3] and Johansson [4] ).
IR oscillator strengths for the neutral d -group species
The comprehensive atomic spectra database compiled by the National Institute of Standards and Technology (NIST) [5] provides a critically evaluated list of atomic line parameters that include transition probabilities and gf -values. In addition, semi-empirical calculations of gf -values by Kurucz [6] , undertaken using the Cowan code [7] , are available for most neutral and singly-ionised species. A review of the current status of atomic data for resonance lines is given by Morton [8] , [9] . However, the resonant transitions for the d-group neutral species are observed in the ultraviolet and visible, and Morton does not include information on the predominantly weaker IR transitions. Meléndez & Barbury [10] have compiled a linelist of astrophysical oscillator strengths for transitions observed in the J and H bands (1.00 -1.34 µm, 1.49 -1.80 µm) of type A, F, G, and K stars. In addition, Lyubchik et al. [1] present a linelist of computed strong atomic transitions from 1.0 µm to 2.5 µm for low-mass cool stars and brown dwarfs determined using their ultracool dwarf model, which is dominated by transitions from the neutral species of d-group and s-group elements. We briefly discuss the status of the laboratory atomic database in the IR (λ > 1.0 µm) for the neutral species from the 3d-group (Fe-group) and 4d-group (Ru-group) elements.
The atomic database for the 3d-group
A overview of the status of the laboratory atomic database for oscillator strengths in the IR can be obtained by comparing calculations of oscillator strengths with measured oscillator strengths. The semi-empirical calculations of gf -values by Kurucz [6] , have been used in Figure 1 to demonstrate the number of possible transitions from the iron-group (Sc through Zn) with a predicted log(gf ) > −3.0, which represents the approximate lower limit of previous measurements. These calculations indicate that there are over 13 000 transitions from neutral iron-group species in the 1 µm to 5 µm region. Meléndez & Barbuy [10] indicate that there are approximately 1500 observed transitions in the J and H bands for the d-group elements they investigated (Sc, Ti, V, Cr, Mn, Fe, Co, Ni, Zn, Y). Extending this to include all 4d-group elements and the K, L, and M bands (2.0 -2.4, 3.0 -4.0, 4.6 -5.0 µm, respectively) will increase the number of transitions that could be observed.
The published measured oscillator strengths are presented in Figure 2 . The collated data shows that there are only 110 transitions with published measured oscillator strengths for neutral Fe-group species with a log(gf ) > −3.0, in the wavelength range 1 to 5 µm. The majority of the laboratory oscillator strengths (87 transitions) are for two species: Fe i (O'Brian et al. [11] ) Figure 2 . Laboratory determined oscillator strengths for transitions from the neutral Fe-group species (Sc i to Zn i) for the wavelength range 10 000 to 50 000Å and log(gf ) > −3.0.
and Ti i (Blackwell-Whitehead et al. [12] ). Furthermore, the Fe i transition at 1.0218 µm is the only line with two independent laboratory values. Other data sources are Whaling et al. [13] for V i, Blackwell-Whitehead et al. [14] and Blackwell-Whitehead & Bergmann [15] for Mn i, and Lennard et al. [16] for Ni i. For these data the oscillator strengths were determined by combining radiative lifetimes with branching fractions. In addition, Figure 2 includes one oscillator strength for the Zn i transition at 11 054Å, from the measurements of Johansson & Contreras [17] . Furthermore, the uncertainty in the experimental oscillator strengths scales inversely with the gf -value, with 17 strong transitions (log(gf ) > −1.0) quoted to an uncertainty of 15 per cent or less, but the majority of transitions have an uncertainty of 25 per cent or more.
The atomic database for the 4d-group
The laboratory atomic database for the neutral species of the 4d-group (Y through Cd) is not as extensive as that for the 3d-group. There are only three transitions with laboratory measured oscillator strengths; these values are from Whaling & Brault [18] for the Mo i transitions at λλ10 048, 10 187 and 10 565Å. The online Kurucz database [6] only contains oscillator strengths for three transitions of Mo i, one of Zr i, one of Ru i and 25 of Y i. Our review indicates that an additional limiting factor for the study of neutral species from the 4d-group is the lack of measured wavelengths in the IR and term analysis of the energy levels. For example, the only term analysis of Y i that includes transitions with λ > 1.0 µm is the thesis work by Palmer [19] , which includes classifications for 252 lines. Our brief review indicates that there are several reasons why there are so few transitions in the IR with measured oscillator strengths. There is a sub-set of IR transitions that are the comparatively weaker branch of a series of visible and UV transitions from a particular upper level. For example, the work on Ti i [12] revealed that previous measurements had not included IR transitions with a log(gf ) < −2.0 if the BF is calculated to be only a few percent. However, there are also comparatively strong transitions in the IR with a log(gf ) > −1.0 that do not have measured oscillator strengths. The majority of these transitions either have no branches to the ground state or have very weak branches to the ground state in the UV or visible. Furthermore, for these strong IR transitions the radiative lifetime of the upper level is several orders of magnitude longer (τ = 500 to 5 000 ns) than for levels with a strong LS allowed transition to the ground state (τ = 5 to 50 ns). The longer lifetime can increase the complexity of the experiment and increase the uncertainty in the radiative lifetime [20] .
The laboratory measurement of oscillator strengths
The laboratory measurement of oscillator strengths using radiative lifetimes and BFs is a widely used technique, see Huber & Sandeman [21] and Nilsson et al. [22] . Our experimental techniques have been discussed previously [12] and a brief discussion will be given, focusing on the challenges in obtaining measurements of gf -values for IR transitions.
The branching fraction, BF ul , for a transition between upper energy level u and lower energy level l is defined as the ratio of its photon intensity, I ul , to the sum of the photon intensities of all the possible lines from the same upper level:
The transition probability for a line is defined in terms of BF ul and the radiative lifetime, τ u , as:
To accurately measure the branching fraction for a transition from a particular upper energy level, all transitions from the upper level must be observed and relative intensities measured. The different branches may include IR, visible and UV transitions, so that intensity calibrated spectra must be acquired throughout the wavelength range. The influence of weak branches, not recorded in the laboratory spectrum, can be estimated by calculations using atomic structure codes, such as that of Cowan [7] .
Laboratory technique
A widely used light source for neutral atomic emission spectra is the water-cooled hollow cathode lamp (HCL), with either Ar or Ne as a carrier gas. The water-cooled source reduces the intensity of the IR continuum and reduces the Doppler line widths. The emission from the HCL is recorded using a high resolution Fourier transform spectrometer (FTS) such as the Imperial College FTS [24] , Lund IR FTS or the NIST 2m FTS [25] . Typically, spectra are observed over the wavelength range 140 nm to 5 µm with a resolution of R∼10 6 (at 5 µm ). The spectra are intensity calibrated using a tungsten calibration standard lamp for the visible to IR and a deuterium calibration standard lamp for the visible to UV. Furthermore, the intensity calibration can be verified by comparing known BFs for the Ar and Ne carrier-gas lines. The intensity calibration using this method has a two standard deviation uncertainty of 3 to 10 percent over the wavelength range of the spectrometers [20] . Fourier transform spectrometers can observe spectra over a large wavenumber range from the UV to the IR. In practice the spectrum is observed in wavelength band-limited sections, optimised to detectors and filters to improve the signal-to-noise ratio or to exclude strong transitions that may contribute excessive noise to the spectrum, in particular when weak lines need to be measured. However, the band-limited spectra must have sufficiently large overlaps to allow the intensity calibration from one spectrum to be transferred to an adjacent spectrum, [14] . With these experimental procedures it is possible to measure accurate relative line intensities, allowing BFs to be measured to an uncertainty of a few percent for relatively strong transitions.
For our radiative lifetime measurements we use the time-resolved, laser-induced fluorescence (TR LIF) experiment at the High Power Laser Facility, Lund Laser Centre, Sweden. A full description of the experiment is given by Xu et al. [26] . Of particular interest is the observation of long radiative lifetimes for energy levels without an LS allowed decay channel to the ground state. A sub-set of these energy levels is characterised by strong IR transitions that have no observed UV or visible branches. However, the lack of a transition to the ground state or a very weak transition to the ground state increases the complexity of the measurement; the energy level cannot be excited from the ground state and the decay channel cannot be observed in the UV or visible.
IR oscillator strengths for Y i
We have recently completed a series of measurements for Y i to measure BFs and radiative lifetimes. The previous BF and radiative lifetime measurements by Hannaford et al. [27] included 154 transitions, but it did not include transitions from the low energy levels; z 4 F j and z 4 D j , or radiative lifetime measurements for these levels. Our new measurements include radiative lifetimes for the z 4 F j and z 4 D j levels and BFs for the transitions from these levels. The new data will be used in the stellar atmosphere modelling program PHOENIX [28] and the results will be compared to observed SSO spectra [12] . Remaining discrepancies between the modelled and observed stellar spectra may indicate additional inaccuracies in the atomic data and this information will be used to prioritise the next series of laboratory measurements.
Summary
The increasing number of medium to high-resolution IR spectrometers on ground-based and satellite-borne telescopes have yielded a wealth of new spectroscopic data for stellar and substellar objects. The analysis of these spectra has highlighted deficiencies in the atomic database. There are a high number of published measured oscillator strengths for transitions from the irongroup neutral species in the UV and visible when compared to the laboratory data available for other elements. However, it should be noted that with the exception of Fe i and Ti i there are fewer than 30 transitions with measured oscillator strengths from 1 µm to 5 µm, and four species (Sc i, Cr i, Co i and Cu i) have no measured values.
Our future investigations will be directed to IR transitions that do not have accurately measured oscillator strengths. In particular, strong transitions (log(gf ) > −2.0) at λ > 1 µm having long radiative lifetimes (τ > 500 ns) will be prioritised for determining oscillator strengths for d-group and s-group elements.
